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SUMMARY
Background. The prolonged consumption of a high-fat diet (HFD) leads to abnormal 
growth of the adipose tissue, development of obesity and low-grade inflammation. 
However, the data about dietary-induced inflammation in muscles is scarce. Therefore, we 
estimated the inflammatory response to a HFD of different skeletal muscles in a rat model.
Materials and methods. Eight-week-old male Wistar rats were subjected to a high-fat 
(n = 36) or standard diet (n = 24). After fourteen weeks, tissue samples were collected 
from twelve animals from each group. To assess the effect of diet duration, twelve of 
the remaining animals from the experimental group were then subjected to a standard 
diet, while all the other animals continued with their previous diet for four more weeks.
The levels of the pro-inflammatory markers CRP and serum amyloid-A (SAA) and 
the anti-inflammatory IL-4 were determined by ELISA in tissue homogenates from 
gastrocnemius, soleus and extensor digitorum longus (EDL) muscles.
Results. In general, the HFD elevated slightly muscle levels of the acute phase proteins 
and its longer duration led to an additional increase, but the increment followed differ-
ent pattern, time-dependence and statistical significance in the different skeletal muscles. 
The gastrocnemius muscle was the most, while the EDL the least responsive. The effect 
of HFD was more pronounced and faster on CRP than SAA levels. The replacement of 
the HFD with a standard diet led to restoration of the normal, non-inflammatory pheno-
type of the muscles, whereas IL-4 levels were almost unchanged during the experiment.
Conclusions. The HFD results in low-grade, chronic inflammation in skeletal muscles 
which is time-dependent and muscle-specific, but the muscle tissue is less likely to 
exert control over the development of this process.
Note. The following manuscript is published at www.researchsquare.com as a preprint 
version (doi: 10.21203/rs.3.rs-1569022/v1).
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BACKGROUND
Inflammation is a normal component of the human self-de-
fense mechanisms (1). It is both a cellular and a specific 
organismal response to various stressful situations such as 
viral infections, tissue damage or other tissue stress factors. 

Regardless the reason that provokes it, it is considered 
to be a process that aids the restoration of the functional 
and phenotypic homeostasis of the damaged cell, tissue or 
organ (2).
There is a plenty of data about the effects of obesity on the 
inflammatory process. The prolonged consumption of a 
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high-fat diet (HFD) leads to abnormal growth of the adipose 
tissue and development of obesity. In turn, obesity has been 
associated with changes in the immune cells’ composition 
in the tissue and development of low-grade, chronic inflam-
mation (3). This type of inflammation differs from the acute 
inflammation since the levels of the circulating pro-inflam-
matory marker molecules are only slightly elevated (4, 5). 
It appears to be caused by many different factors such as 
excessive calories intake, changed food composition and 
unusual homeostasis (5).
Many authors have published that the liver also develops 
low-grade inflammation as a result of obesity and a changed 
number of macrophages in the organ (6-8). The unfavor-
able effects of lipids on muscles are described also in obesi-
ty-linked disorders such us insulin resistance and metabolic 
syndrome. It has been reported that they are characterized 
with hyperlipidemia and dyslipidemia, which in turn is 
associated with the formation of fat depots in muscles and 
tendons (9). These findings are supported and expanded to 
the increased infiltration of lipids into muscle cells (10) and 
their adverse effects on muscle tissue phenotype restoration 
and impaired healing processes (11).
At the same time clear and reliable information about the 
inflammatory response of skeletal muscles to a HFD in 
healthy individuals and its early dynamics is still insignifi-
cant. The aim of the present study was to evaluate the devel-
opment of dietary-induced inflammation using an animal 
model, and measuring the levels of the pro-inflammato-
ry, acute-phase proteins – C reactive protein (CRP) – and 
serum amyloid-A (SAA) –, and the anti-inflammatory inter-
leukin-4 (IL-4).

METHODS
This study has an approval for the usage of laborato-
ry animals in experiments from the Bulgarian Agency for 
Food Safety (BAFS – resolution n. 55/23.06.2016), and it 
is in accordance with the ethical standards of the Medical 
University of Plovdiv (resolution of the University Ethics 
Committee – n. P-1041/25.04.2017 – Date of approval: 
April 25, 2017).
Sixty, 8-week-old male Wistar rats (weight 130-180 g) were 
used for the needs of this experiment. They were randomly 
divided into two groups:
1. Control group (C, n = 24), fed with standard rodent food 
(D12450H, Research Diets, Inc.) for 14 weeks.
2. Experimental group (E, n = 36), fed with a HFD (D12451 
– Research Diets, Inc.) for 14 weeks.
All animals were maintained under standard housing condi-
tions, they were all fed ad libitum and were housed at 12 h 
light/dark cycles (12). Twelve animals were taken at random 

from each group after 14 weeks and tissue samples were 
collected and stored (12). The tissue samples obtained were 
from three different skeletal muscles: musculus gastroc-
nemius (m. Gas), musculus soleus (m. Sol) and muscu-
lus extensor digitorum longus (m. EDL). The decision to 
collect these muscles was based on the specific distribution 
of muscle fibers with characteristic physiology and metab-
olism: m. Sol consists of 85% type I muscle fibers, m. EDL 
of 96% type II muscle fibers and m. Gas of 51% type I and 
49% type II muscle fibers (13).
The remaining animals were divided into new groups as 
following: 
1.	 the animals from the control group were established into 

a new control group (CC, n = 12). They all continued to 
be fed with standard food (D12450H, Research Diets, 
Inc.) for four more weeks.

2.	The experimental (E) group was split into two 
new groups:
2.1.	 Experimental group (EE, n = 12) – fed the same 	

	 HFD for four more weeks
2.2.	 Experimental group (EC, n = 12) – the diet of the 	

	 animals from this group was changed from the 	
	 high-fat to the standard diet. They were all fed 	
	 with the standard food for the next four weeks.

The duration period of the experiment was eighteen weeks 
in total for the animals from the three new groups. The 
same procedure was followed when the tissue samples were 
collected at the end of our experiment (12).
The quantitative ELISA method was used to determine the 
concentration of CRP, SAA and IL-4 in the tissue homoge-
nates, while the Lawry method (14) was used for the deter-
mination of the total protein concentration of the same 
samples. The levels of CRP, SAA and IL-4 in the studied 
tissues are present as a ratio of the concentration of the 
marker in the sample to the total protein concentration in 
the same tissue sample (ng CRP/mg Protein, ng SAA/mg 
Protein and pg IL-4/mg Protein).
The collected data was statistically processed by SPSS, 
v.19.0 (SPSS Inc., Chicago, IL, USA). The results were 
compared by Kruskal-Wallis test for non-parametric data 
and are present as median (25th-75th percentile). Differenc-
es with P-values less than 0.05 were considered as statisti-
cally significant. The Dunn’s post-hoc test was performed 
for those groups where statistical difference was found.

RESULTS

Development of inflammation in m. Gas
The levels of both pro-inflammatory marker molecules 
CRP and SAA, measured in samples from m. Gas, showed 
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statistically significant differences among the experimen-
tal groups. The levels of CRP, measured in the experiment 
group “E” – 15.07 ng/mg (8.39-20.19 ng/mg) – were signifi-
cantly higher than the CRP levels in the control group “C” 
– 5.61 ng/mg (4.02-7.84 ng/mg), p < 0.05. This diference 
was even more pronounced when the experiment group 
“EE” – 26.93 ng/mg (17.6-38.77 ng/mg) was compared 
with either of the control groups “C”, p < 0.01, or “CC” – 
5.32 ng/mg (2.91-6.99 ng/mg), p < 0.01. Differences were 
detected even between groups “E” and “EE”, p < 0.05. 
The detected values for CRP in the group “EC” – 15.04 
ng/mg (11.61-20.62 ng/mg) were still high. They were close 
to those detected for groups “E” and “EE”, p > 0.05 and 
much higher than those observed in the control groups, p 
< 0.05 (figure 1 A).
The changes in the levels of SAA followed a similar patern 
as the changes for CRP. The levels were high and there was 
a statistically significant difference detected on week 14. 
The levels in the control group “C” – 26.12 ng/mg (22.61-
38.64 ng/mg) were much lower than in the experimen-
tal group “E” – 64.58 ng/mg (39.18-88.76), p < 0.01. In 
contrast to the changes in the levels of CRP, the SAA levels 
did not show any dependence on time. The levels of SAA in 
the experimental group “EE” – 45.75 ng/mg (35.39-70.78 
ng/mg) – were almost the same as its quantity in the group 
“E”, p > 0.05, but significanly higher than in both control 
groups “C” and “CC” – 24.71 ng/mg (22.61-31.39 ng/mg), 
p < 0.05. The quantitative analysis of SAA in the group 
where the diet was changed from high-fat to standard 
showed that the marker levels are of intermediate values. 
They were close to the values of the control groups “C” and 
“CC” on one side, p > 0.05, but comparatively lower than 
those of the experiment groups “E” and “EE”, p < 0.05, on 
the other (figure 1 B).
The levels of the anti-inflammatory IL-4 molecule were very 
close and with no significant differences among the groups: 
“C” – 7.74 pg/mg (3.74-15.32 ng/mg), “CC” – 5.62 pg/mg 
(4.29-7.55 ng/mg), “E” – 11.73 pg/mg (9.19-14.7 ng/mg), 
“EE” – 9.97 pg/mg (7.35-17.47 ng/mg), “EC” 9.52 pg/mg 
(4.19-12.24 ng/mg), p > 0.05 (figure 1 C).

Development of dietary-induced 
inflammation in m. Sol
We established that m. Sol responds to the HFD with chang-
es in the levels of both pro-inflammatory markers, p < 0.01. 
The levels of CRP were high in both groups fed only with 
the HFD. The quantity of CRP in the group “E” – 13.82 ng/
mg (7.2-14.57 ng/mg) and “EE” – 13.1 ng/mg (11.61-16 ng/
mg) was significantly higher when compared with the control 
group “C” – 6.04 ng/mg (3.21-9.44 ng/mg), p < 0.05. The 
CRP levels measured in the second control group “CC” – 

Figure 1. Changes in the levels of CRP, SAA and IL-4 in tissue 
homogenates, obtained from m. Gas.

8.34 ng/mg (7.34-9.55 ng/mg) and the “EC” group – 11.27 
ng/mg (6-14.79 ng/mg) were similar to those of the control 
group “C”, p > 0.05, and the groups “E” and “EE”, p > 0.05 
(figure 2 A).
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The quantitative analysis of SAA in samples from m. Sol 
showed no significant differences between the control 
groups “C” – 25.63 ng/mg (20.31-33.19 ng/mg), and 
“CC” – 27.27 ng/mg (17.39-47.6 ng/mg) with the exper-
iment group “E” – 27.02 ng/mg (19.48-30.02), p > 0.05. 

However, the prolonged consumption of the lipid-rich 
food caused changes in the levels of the proi-nflammatory 
marker – the levels were significantly higher in the group 
“EE” – 52.54 ng/mg (29.46-79.5 ng/mg). The quantity 
of SAA in this group was much higher than in all other 
groups, p < 0.05. We also detected that when the animals 
stopped taking the high-lipid food and returned to the 
standard diet, the values of the marker – group “EC” – 
27.93 ng/mg (22.44-36.4 ng/mg) were also decreased 
and close to their normal, control group values, p > 0.05 
(figure 2 B).
The quantitative analysis of the IL-4 levels in m. Sol demon-
strated a lack of statistically significant differences amongst 
the compared groups: “C” – 37.18 pg/mg (26.75-64.15), 
“CC” – 36.45 pg/mg (26.75-46.12), “E” – 44.12 pg/mg 
(28.72-56.98), “EE” – 45.94 pg/mg (35.35-58.23) and “EC” 
– 27.55 pg/mg (17.59-33.41), p > 0.05 (figure 2 C).

Dietary-induced changes in m. EDL
Development of inflammation was detected in m. EDL, simi-
larly to the previously described muscles. Using the Krus-
kal-Wallis test, we established an increase in the levels of CRP 
only p < 0.01. The comparison between the values in the 
group “C” – 9.1 ng/mg (2.4-11.58 ng/mg) on one hand, and 
the groups “E” – 15.76 ng/mg (9.83-24.9 ng/mg) and “EE” 
– 13.76 ng/mg (12.82-28.14 ng/mg), p < 0.05, on the other, 
gave evidance for us to state that there is an inflammatory 
process. Similar dependence was observed when both the 
“E” and “EE” groups were compared to the control group 
“CC” – 6.39 ng/mg (3.01-7.77 ng/mg), p < 0.01. Decreased 
CRP levels as a result of suspended high-lipid intake were 
detected in this muscle only. The CRP values in the “EC” – 
9.6 ng/mg (7.5-12.16 ng/mg) are much lower than those in 
the experimental groups, p < 0.05 and very close to the levels 
in the control groups, p > 0.05 (figure 3 A).
The comparison of the levels of SAA in tissue homoge-
nates from m. EDL: “C” – 12.73 ng/mg (10.1-16.85 ng/mg), 
“CC” – 13.28 ng/mg (12.61-14.95 ng/mg), “E” – 16.81 ng/
mg (13.83-18.74 ng/mg), “EE” – 22.7711 ng/mg (12.47-30.4 
ng/mg) and “EC” – 14.52 ng/mg (13.28-17.2 ng/mg), did 
not show any significant differences, p > 0.05 (figure 3 B).
It was interesting to find that the changes in the quantity of 
IL-4 did not follow the pattern, detected in the previous-
ly described muscles. The quantity of IL-4 was significantly 
higher in the “EE” group – 21.81 pg/mg (14.41-24.73 ng/
mg), than in the control groups “C” – 6.61 pg/mg (4.37-
11.65 ng/mg) and “CC” – 4.84 pg/mg (4.04-6.05 ng/mg), 
p < 0.01. At the same time the amount of IL-4 established 
in the group “EC” – 4.01 pg/mg (3.53-14.17 ng/mg) was 
almost the same as the amount of the marker in the groups 
“C” and “CC”, p > 0.05 (figure 3 C).

Figure 2. Changes in the levels of CRP, SAA and IL-4 in tissue 
homogenates obtained from m. Sol.
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DISCUSSION
The process of tissue inflammation requires well-coordinat-
ed cytokine secretion, as well as activation and infiltration of 
immune cells in the tissues (15). In summary, our experiment 
established increased levels of both pro-inflammatory mark-
er molecules in the tested tissues. The elevation of their levels 

followed a different pattern and depended on time in a differ-
ent way for each of the markers. At the same time, the changes 
in the levels of the anti-inflammatory molecule followed neither 
the same pattern, nor similar dependence on time. All the 
above mentioned could be a result of an impaired intercellular 
communication, as well as disturbance in the normal differenti-
ation of the cells and/or normal tissue remodeling (16).
Many studies have demonstrated that both pro- and anti-in-
flammatory molecules are present in the food (17, 18). It has 
been reported that saturated fatty acids can influence the 
development of an inflammatory process, affecting intracel-
lular signaling pathways that use nuclear factor kappa-B and 
the family of peroxisome proliferator-activated receptors 
(19). The pro-inflammatory effects are triggered by a family 
of receptors called toll-like receptors (TLR), that are found 
on the plasma membrane of the immune system cells and on 
muscle cells (20). It has also been reported that the number 
of these receptors on the muscle cells varies and depends 
on the diet (21). It has been proposed that the muscle tissue 
develops inflammation in obesity. This type of inflamma-
tion depends on the increased infiltration of immune cells 
on one hand, and the pro-inflammatory phenotype of the 
adipose tissue located in the skeletal muscles, on the other. 
The inflammatory process and muscle metabolism could be 
also affected by an increased influx of free fatty acids (FFA) 
and/or pro-inflammatory molecules, secreted by many other 
cells and tissues, including the visceral adipose tissue (22).
Another possible reason for the development of an inflam-
matory process could be the tissue composition. Tissue 
macrophages are constantly present in the skeletal muscles, 
as well as in other tissues like the adipose tissue and liver. 
They are responsible for the tissue damage repair (23). 
Additional infiltration of a tissue by activated macrophages 
could be due to an increased concentration of FFA, tissue 
damages or adipose tissue depots in skeletal muscles (24, 
25). Tissue macrophages could be also transformed into 
activated macrophages that exhibit proiflammatory pheno-
type. All the above mentioned supports our findings that the 
prolonged consumption of a HFD could provoke the devel-
opment of inflammation in the skeletal muscles (26).
Our experiment detected that the levels of CRP increase 
faster than the levels of SAA or that there is a complete lack 
of changes in the levels of SAA. The changes in the CRP 
levels were dependent on time only in m. Gas. This could be 
explained with the assumption that the HFD could affect the 
amount of the pro-inflammatory molecules at many levels. 
Firstly, the increased levels of FFA, are associated with an 
increased infiltration of macrophages into the muscles. These 
macrophages are found mainly in intramuscular fat depots, 
which increase in number and volume in obesity (27). It has 
been proposed that pro-inflammatory molecules could be 

Figure 3. Changes in the levels of CRP, SAA and IL-4 in tissue 
homogenates obtained from m. EDL.
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released from such depots to provoke paracrine effects on 
the development of inflammation in the neighboring muscle 
cells (28, 29). Secondly, it has been reported that muscle infil-
trated macrophages secrete pro-inflammatory cytokines such 
as IL-6 when placed in a medium with excess of FFA (30). 
Thirdly, in vitro studies with m. Sol placed in a FFA-rich 
medium, have demonstrated the release of pro-inflammatory 
molecules such as IL-6 and TNF-α from the muscle cells (26, 
31). All these observations propose the existence of many 
and complex interrelationships between the cells to respond 
to the intake of the HFD (26). All the reasons listed above 
might be responsible for the different timing of the inflam-
matory process as well as for modulation of its development.
The receptors that belong to the group of the TLRs are 
among the most important participants in the development 
of inflammation and exhibition of the effects of an HFD. It 
has been reported that the expression of TLR2 and TLR4 is 
higher in skeletal muscles subjected to a HFD (21). Over-
expression of the receptor, higher body weight, decreased 
glucose and insulin tolerance were reported for rodents 
consuming such a diet (32).
Skeletal muscles differ in the degree of blood supply and the 
amount of mitochondria, hence the intake of a HFD leads to 
an increased degree of oxidation of fatty acids in the mentioned 
muscles. This process requires a relatively short period of HFD 
intake (about eight weeks) to be detected. Nevertheless, there 
is no evidence of additional activation of antioxidant enzymes, 
which would lead to the manifestation of the negative effects 
of reactive oxygen species (33). Furthermore, the distribution 
of different isoforms of myosin fibrils and the ratio between 
them is another factor that changes the metabolism of fast and 
slow-twitch muscles. The lipid origin and composition of the 
diet have also been shown to change the muscle phenotype 
(34). The slightly elevated levels of CRP and SAA are indic-
ative for the development of low-grade inflammation. One of 
the main reasons for the elevated levels of SAA in obesity is 
the increased infiltration rate of macrophages into the adipose 
tissue, where it aids the removal of cholesterol, released from 
the damaged tissue (35). We observed that the changes in the 
levels of SAA followed the same pattern as the CRP levels, but 
only in m. Gas. In m. Sol the levels of SAA increased signifi-
cantly only as a result of the longer intake of the HFD. There-
fore, we could assume that m. Gas is more responsive to the 
high-fat diet than m. Sol and especially m. EDL.
Studies with human patients with obesity and diabetes melli-
tus type II have demonstrated increased levels of macrophages 
and T-cells in the skeletal muscles. Increased macrophage 
levels have also been observed in the skeletal muscles of healthy 
patients as a result of the intake of a HFD even for a short peri-
od of time (36). Extrapulating our results from an animal model 
to humans, we could speculate that the prolonged consump-

tion of a Western type of diet, rich in fats, might induce chron-
ic, low-grade inflammation long before clinical manifestations 
of insulin resistance and furhter metabolic disturbances. 
All the reasons mentioned above link the consumption of a HFD 
with the development of inflammation in the skeletal muscles. 
The inflammatory process is characterized with increased levels 
of pro-inflammatory molecules which in turn mediate the devel-
opment of inflammation in the muscle tissue (21). 

CONCLUSIONS
Skeletal muscles constantly respond to the changes in their 
surrounding environment. The increased levels of the pro-in-
flammatory molecules observed in our in vivo experiment, 
support the hypothesis that skeletal muscles develop inflam-
mation as a result of the intake of a high-fat diet. This inflam-
mation affects all the muscles tested during the experiment. 
The tendency for a decrease in the levels of the pro-inflam-
matory markers after the high-fat diet cessation suggests that 
the dietary-induced inflammation is a reversible process. The 
insignificantly changed levels of the anti-inflammatory mole-
cule indicate that the muscle tissue does not, or barely exerts 
control over the development of the inflammatory process. 
Our data might be useful for epigenitic studies elucidating the 
impact of diet in heathly individuals in the very early stages of 
development of mucsle low-grade inflammation which can be 
the triggering factor of later insulin resistance.

FUNDINGS
This study was supported by a grant HO – 05/2015 from 
Medical University, Plovdiv. 
This study was supported by the Bulgarian Ministry of 
Education and Science under the National Research 
Programme “Young Scientists and Postdoctoral Students”.

DATA AVAILABILITY
Data are available under reasonable request to the corre-
sponding author.

CONTRIBUTIONS
The main idea and the initial organization belonged to asso-
ciate professor Vassil Kamenov, MD who unfortunately 
passed away in the early 2021. All authors: writing, method-
ology, data analysis.

CONFLICT OF INTERESTS
The authors declare that they have no conflict of interests.



496 Muscles, Ligaments and Tendons Journal 2022;12 (4)

Inflammatory Response of Skeletal Muscles to a High-Fat Diet

REFERENCES
1.	 Minihane AM, Vinoy S, Russell WR, et al. Low-grade inflamma-

tion, diet composition and health: current research evidence and 
its translation. Br J Nutr 2015;114(7):999-1012. 

2.	 Sethi G, Shanmugam MK, Ramachandran L, Kumar AP, Terga-
onkar V. Multifaceted link between cancer and inflamma-
tion. Biosci Rep 2012;32(1):1-15.  

3.	 Johnson AR, Milner JJ, Makowski L. The inflammation high-
way: metabolism accelerates inflammatory traffic in obesity. 
Immunol Rev 2012;249(1):218-38. 

4.	 Cildir G, Akıncılar SC, Tergaonkar V. Chronic adipose tissue 
inflammation: all immune cells on the stage. Trends Mol Med 
2013;19(8):487-500. 

5.	 Lee BC, Lee J. Cellular and molecular players in adipose tissue 
inflammation in the development of obesity-induced insulin 
resistance. Biochim Biophys Acta 2014;1842(3):446-62. 

6.	 Obstfeld AE, Sugaru E, Thearle M, et al. C-C chemokine recep-
tor 2 (CCR2) regulates the hepatic recruitment of myeloid 
cells that promote obesity-induced hepatic steatosis. Diabetes 
2010;59(4):916-25. 

7.	 Gregor MF, Hotamisligil GS. Inflammatory mechanisms in 
obesity. Annu Rev Immunol 2011;29:415-45. 

8.	 Osborn O, Olefsky JM. The cellular and signaling networks 
linking the immune system and metabolism in disease. Nat Med 
2012;18(3):363-74. 

9.	 Gaida JE, Alfredson L, Kiss ZS, Wilson AM, Alfredson H, Cook 
JL. Dyslipidemia in Achilles tendinopathy is characteristic of 
insulin resistance. Med Sci Sports Exerc 2009;41(6):1194-7. 

10.	Matson AP, Kim C, Bajpai S, Green CL, Hash TW, Garrigues 
GE. The effect of obesity on fatty infiltration of the rotator cuff 
musculature in patients without rotator cuff tears. Shoulder 
Elbow 2019;11(1 Suppl):30-8. 

11.	Amit P, Kuiper JH, James S, Snow M. Does statin-treat-
ed hyperlipidemia affect rotator cuff healing or muscle fatty 
infiltration after rotator cuff repair?. J Shoulder Elbow Surg 
2021;30(11):2465-74. 

12.	Dimitrov IV, Kamenov VI, Boyadjiev NP, et al. Impact of a 
High-fat Diet on the Development of Chronic Inflammation in 
Heart of Wistar rats. Folia Med (Plovdiv) 2019;61(3):404-10. 

13.	Delp MD, Duan C. Composition and size of type I, IIA, IID/X, 
and IIB fibers and citrate synthase activity of rat muscle. J Appl 
Physiol (1985) 1996;80(1):261-70. 

14.	Lowry OH, Rosebrough NJ, Farr AL, Randall RJ. Protein 
measurement with the Folin phenol reagent. J Biol Chem 
1951;193(1):265-75. 

15.	Meng J, Zou X, Wu R, Zhong R, Zhu D, Zhang Y. Accelerat-
ed regeneration of the skeletal muscle in RNF13-knockout mice 
is mediated by macrophage-secreted IL-4/IL-6. Protein Cell 
2014;5(3):235-27. 

16.	Heredia JE, Mukundan L, Chen FM, et al. Type 2 innate signals 
stimulate fibro/adipogenic progenitors to facilitate muscle 
regeneration. Cell 2013;153(2):376-88. 

17.	Calder PC, Albers R, Antoine JM, et al. Inflammatory disease 
processes and interactions with nutrition. Br J Nutr 2009;101 
Suppl 1:S1-S45. 

18.	Calder PC, Ahluwalia N, Brouns F, et al. Dietary factors and 
low-grade inflammation in relation to overweight and obesity. Br 
J Nutr 2011;106 Suppl 3:S5-S78. 

19.	Calder PC. Long chain fatty acids and gene expression in 
inflammation and immunity. Curr Opin Clin Nutr Metab Care 
2013;16(4):425-33. 

20.	Henriques-Pons A, Yu Q, Rayavarapu S, et al. Role of Toll-like 
receptors in the pathogenesis of dystrophin-deficient skeletal and 
heart muscle. Hum Mol Genet 2014;23(10):2604-17. 

21.	Reyna SM, Ghosh S, Tantiwong P, et al. Elevated toll-like recep-
tor 4 expression and signaling in muscle from insulin-resistant 
subjects. Diabetes 2008;57(10):2595-602. 

22.	Wu H, Ballantyne CM. Skeletal muscle inflammation and insulin 
resistance in obesity. J Clin Invest 2017;127(1):43-54. 

23.	Brigitte M, Schilte C, Plonquet A, et al. Muscle resident macro-
phages control the immune cell reaction in a mouse model of 
notexin-induced myoinjury. Arthritis Rheum 2010;62(1):268-79. 

24.	Weisberg SP, McCann D, Desai M, Rosenbaum M, Leibel RL, 
Ferrante AW Jr. Obesity is associated with macrophage accumu-
lation in adipose tissue. J Clin Invest 2003;112(12):1796-808. 

25.	Vella L, Caldow MK, Larsen AE, et al. Resistance exercise 
increases NF-κB activity in human skeletal muscle. Am J Physiol 
Regul Integr Comp Physiol 2012;302(6):R667-R673. 

26.	Pillon NJ, Bilan PJ, Fink LN, Klip A. Cross-talk between skel-
etal muscle and immune cells: muscle-derived mediators 
and metabolic implications. Am J Physiol Endocrinol Metab 
2013;304(5):E453-E465. 

27.	Fink LN, Oberbach A, Costford SR, et al. Expression of anti-in-
flammatory macrophage genes within skeletal muscle correlates 
with insulin sensitivity in human obesity and type 2 diabetes. 
Diabetologia 2013;56(7):1623-8. 

28.	Olefsky JM, Glass CK. Macrophages, inflammation, and insulin 
resistance. Annu Rev Physiol 2010;72:219-46. 

29.	McNelis JC, Olefsky JM. Macrophages, immunity, and metabolic 
disease. Immunity 2014;41(1):36-48. 

30.	Varma V, Yao-Borengasser A, Rasouli N, et al. Muscle inflam-
matory response and insulin resistance: synergistic interaction 
between macrophages and fatty acids leads to impaired insulin 
action. Am J Physiol Endocrinol Metab 2009;296(6):E1300-E10. 

31.	Green CJ, Macrae K, Fogarty S, Hardie DG, Sakamoto K, 
Hundal HS. Counter-modulation of fatty acid-induced pro-in-
flammatory nuclear factor κB signalling in rat skeletal muscle cells 
by AMP-activated protein kinase. Biochem J 2011;435(2):463-74. 

32.	McMillan RP, Wu Y, Voelker K, et al. Selective overexpression of 
Toll-like receptor-4 in skeletal muscle impairs metabolic adapta-
tion to high-fat feeding. Am J Physiol Regul Integr Comp Physiol 
2015;309(3):R304-R13. 

33.	Smerdu V, Perše M. Effect of high-fat mixed lipid diet and 
swimming on fibre types in skeletal muscles of rats with colon 
tumours. Eur J Histochem 2018;62(3):2945.  

34.	Mizunoya W, Iwamoto Y, Shirouchi B, et al. Dietary fat influenc-
es the expression of contractile and metabolic genes in rat skele-
tal muscle. PLoS One 2013;8(11):e80152. 

35.	Poitou C, Divoux A, Faty A, et al. Role of serum amyloid A 
in adipocyte-macrophage cross talk and adipocyte cholesterol 
efflux. J Clin Endocrinol Metab 2009;94(5):1810-7. 

36.	Boon MR, Bakker LE, Haks MC, et al. Short-term high-fat diet 
increases macrophage markers in skeletal muscle accompanied 
by impaired insulin signalling in healthy male subjects. Clin Sci 
(Lond) 2015;128(2):143-151. 

https://doi.org/10.1017/S0007114515002093
https://doi.org/10.1017/S0007114515002093
https://doi.org/10.1017/S0007114515002093
https://doi.org/10.1042/BSR20100136
https://doi.org/10.1042/BSR20100136
https://doi.org/10.1042/BSR20100136
https://doi.org/10.1111/j.1600-065X.2012.01151.x
https://doi.org/10.1111/j.1600-065X.2012.01151.x
https://doi.org/10.1111/j.1600-065X.2012.01151.x
https://doi.org/10.1016/j.molmed.2013.05.001
https://doi.org/10.1016/j.molmed.2013.05.001
https://doi.org/10.1016/j.molmed.2013.05.001
https://doi.org/10.1016/j.bbadis.2013.05.017
https://doi.org/10.1016/j.bbadis.2013.05.017
https://doi.org/10.1016/j.bbadis.2013.05.017
https://doi.org/10.2337/db09-1403
https://doi.org/10.2337/db09-1403
https://doi.org/10.2337/db09-1403
https://doi.org/10.2337/db09-1403
https://doi.org/10.1146/annurev-immunol-031210-101322

https://doi.org/10.1146/annurev-immunol-031210-101322

https://doi.org/10.1038/nm.2627
https://doi.org/10.1038/nm.2627
https://doi.org/10.1038/nm.2627
https://doi.org/10.1249/MSS.0b013e31819794c3
https://doi.org/10.1249/MSS.0b013e31819794c3
https://doi.org/10.1249/MSS.0b013e31819794c3
https://doi.org/10.1177/1758573217736008
https://doi.org/10.1177/1758573217736008
https://doi.org/10.1177/1758573217736008
https://doi.org/10.1177/1758573217736008
https://doi.org/10.1016/j.jse.2021.05.014
https://doi.org/10.1016/j.jse.2021.05.014
https://doi.org/10.1016/j.jse.2021.05.014
https://doi.org/10.1016/j.jse.2021.05.014
https://doi.org/10.3897/folmed.61.e39348
https://doi.org/10.3897/folmed.61.e39348
https://doi.org/10.3897/folmed.61.e39348
https://doi.org/10.1152/jappl.1996.80.1.261
https://doi.org/10.1152/jappl.1996.80.1.261
https://doi.org/10.1152/jappl.1996.80.1.261
https://pubmed.ncbi.nlm.nih.gov/14907713/
https://pubmed.ncbi.nlm.nih.gov/14907713/
https://pubmed.ncbi.nlm.nih.gov/14907713/
https://doi.org/10.1007/s13238-014-0025-4
https://doi.org/10.1007/s13238-014-0025-4
https://doi.org/10.1007/s13238-014-0025-4
https://doi.org/10.1007/s13238-014-0025-4
https://doi.org/10.1016/j.cell.2013.02.053
https://doi.org/10.1016/j.cell.2013.02.053
https://doi.org/10.1016/j.cell.2013.02.053
https://doi.org/10.1017/S0007114509377867
https://doi.org/10.1017/S0007114509377867
https://doi.org/10.1017/S0007114509377867
https://doi.org/10.1017/S0007114511005460
https://doi.org/10.1017/S0007114511005460
https://doi.org/10.1017/S0007114511005460
https://doi.org/10.1097/MCO.0b013e3283620616
https://doi.org/10.1097/MCO.0b013e3283620616
https://doi.org/10.1097/MCO.0b013e3283620616
https://doi.org/10.1093/hmg/ddt656
https://doi.org/10.1093/hmg/ddt656
https://doi.org/10.1093/hmg/ddt656
https://doi.org/10.2337/db08-0038
https://doi.org/10.2337/db08-0038
https://doi.org/10.2337/db08-0038
https://doi.org/10.1172/JCI88880
https://doi.org/10.1172/JCI88880
https://doi.org/10.1002/art.27183
https://doi.org/10.1002/art.27183
https://doi.org/10.1002/art.27183
https://doi.org/10.1172/JCI19246
https://doi.org/10.1172/JCI19246
https://doi.org/10.1172/JCI19246
https://doi.org/10.1152/ajpregu.00336.2011
https://doi.org/10.1152/ajpregu.00336.2011
https://doi.org/10.1152/ajpregu.00336.2011
https://doi.org/10.1152/ajpendo.00553.2012
https://doi.org/10.1152/ajpendo.00553.2012
https://doi.org/10.1152/ajpendo.00553.2012
https://doi.org/10.1152/ajpendo.00553.2012
https://doi.org/10.1007/s00125-013-2897-x
https://doi.org/10.1007/s00125-013-2897-x
https://doi.org/10.1007/s00125-013-2897-x
https://doi.org/10.1007/s00125-013-2897-x
https://doi.org/10.1146/annurev-physiol-021909-135846
https://doi.org/10.1146/annurev-physiol-021909-135846
https://doi.org/10.1016/j.immuni.2014.05.010
https://doi.org/10.1016/j.immuni.2014.05.010
https://doi.org/10.1152/ajpendo.90885.2008
https://doi.org/10.1152/ajpendo.90885.2008
https://doi.org/10.1152/ajpendo.90885.2008
https://doi.org/10.1152/ajpendo.90885.2008
https://doi.org/10.1042/BJ20101517
https://doi.org/10.1042/BJ20101517
https://doi.org/10.1042/BJ20101517
https://doi.org/10.1042/BJ20101517
https://doi.org/10.1152/ajpregu.00139.2015
https://doi.org/10.1152/ajpregu.00139.2015
https://doi.org/10.1152/ajpregu.00139.2015
https://doi.org/10.1152/ajpregu.00139.2015
https://doi.org/10.4081/ejh.2018.2945
https://doi.org/10.4081/ejh.2018.2945
https://doi.org/10.4081/ejh.2018.2945
https://doi.org/10.1371/journal.pone.0080152

https://doi.org/10.1371/journal.pone.0080152

https://doi.org/10.1371/journal.pone.0080152

https://doi.org/10.1210/jc.2008-2040
https://doi.org/10.1210/jc.2008-2040
https://doi.org/10.1210/jc.2008-2040
https://doi.org/10.1042/CS20140179
https://doi.org/10.1042/CS20140179
https://doi.org/10.1042/CS20140179
https://doi.org/10.1042/CS20140179



